The two major types of cerebral white matter lesions of very low birth weight infants are periventricular hemorrhagic venous infarction (PHVI) and periventricular leukomalacia (PVL). 1 PHVI is a unilateral hemorrhagic lesion, most commonly found ipsilateral to a large intraventricular hemorrhage (IVH). 2 This association has led to the hypothesis that the IVH compresses the terminal vein draining the periventricular white matter resulting in a venous infarction. [3] [4] [5] PVL is a bilateral, nonhemorrhagic cystic white matter lesion commonly associated with subsequent spastic motor and cognitive deficits. 6, 7 The pathogenesis of PVL has been attributed to arterial hypotension, which causes focal ischemia and ensuing development of cysts at arterial "watershed" areas. 8, 9 However, repeated clinical studies have been unable to correlate hypotensive episodes or hemodynamic instability during the neonatal period with the development of PVL. 10 -12 Several reports have found PVL to be associated with maternal chorioamnionitis. [12] [13] [14] The characterization of PHVI and PVL was the result of careful neuropathologic studies and improvements in the quality and resolution of cranial ultrasonography. 15 Although there are detailed descriptions of specific ultrasonographic criteria for differentiating PHVI and PVL in preterm infants, 16 ,17 most studies do not attempt to make this distinction and choose to use the term "grade 4 IVH" or periventricular echodensity to describe white matter lesions. 18 -24 This hesitation to differentiate PHVI and PVL is understandable because both lesions are initially echogenic with later cystic evolution 19 and neuropathologic studies have documented hemorrhage into areas of periventricular ischemia, thus blurring the distinction between hemorrhagic and ischemic lesions. 8, 25 Our objective was to determine if recently published criteria can be applied to routine clinical ultrasonographic examination for the differentiation of PHVI and PVL and to determine any relevance of this differentiation to subsequent neurodevelopmental outcome.
METHODS
Premature very low birth weight infants admitted to our neonatal intensive care unit for ventilatory support for respiratory distress syndrome were examined with cranial ultrasonography from days 4 through 7 of life and weekly thereafter if abnormalities were found. Normal studies were repeated monthly or before patient transfer or discharge. During the study period, Toshiba, General Electric, and Accuson ultrasonography equipment with 5-and 7. Original Article
were used to diagnose intracranial lesions. Patients with congenital anomalies and congenital infections were excluded from the study group. Cerebral white matter lesions were diagnosed as PHVI or PVL according to recently published criteria. 17 The criteria for the diagnosis of PHVI included the appearance within the first week of life of a relatively large unilateral or clearly asymmetric echodensity in the periventricular white matter in association with an ipsilateral IVH, and the evolution of the echodensity into a single (or few) relatively large cyst(s) communicating with the lateral ventricle. The criteria for the diagnosis of PVL included the development within the first week of life of bilateral echodensities at the lateral border of the lateral ventricles with minimal or no IVH, and the evolution of the echodensities into multiple small cysts not communicating with the lateral ventricles. The ultrasonographic appearance of both lesions can be found in a previous study. 1 A range of severity was noted within each group. Therefore, we graded PHVI into localized (limited to the frontal, parietal, or occipital areas) and extensive (involving two or more areas) as previously described.
2 PVL evolving into multiple "microcysts" less than 0.2 cm in any dimension were termed mild PVL, moderate PVL was defined by the presence of cysts between 0.2 to 0.5 cm, and the presence of bilateral multiple cysts greater than 0.5 cm was termed severe PVL. These determinations were more easily accomplished using the parasagittal view (Figure 1, A-C) . White matter lesions with features of PHVI and PVL were termed "mixed lesions," and white matter echodensity without the development of cysts by the time of discharge were termed persistent periventricular echodensity (PPVE). IVH was graded according to Volpe. 26 Interpretations of ultrasonograms were performed by two investigators (W. T. B. and L. E. W.) certified in pediatric neurosonology.
The study group infants were given a diagnosis of "grade IV IVH" and followed prospectively in the neurodevelopmental clinic at 6, 12, 18, and 24 months, by one of two developmental pediatricians (T. R. M. and F. A.) who were unaware of the type of white matter lesion diagnosed. Assessments included neurologic examinations, visual and auditory screenings, and developmental testing using the Clinical Adaptive Test/Clinical Linguistic and Auditory Milestone Scale (CAT/CLAMS). 27, 28 A developmental quotient (DQ) was calculated by dividing the CAT/CLAMS score by the chronologic age (ϫ100) and greater than 80 was considered normal. The developmental testing reported was based on the 24-month evaluation in all cases. Visual assessments were performed by ophthalmologists who routinely examine our patients for retinopathy of prematurity (ROP). Auditory testing was performed using automated auditory brainstem response (Algo 2; Natus Medical Inc., San Carlos, CA). 29 The patients surviving to 2-year follow-up were the subjects of this study.
Clinical data were collected on standardized forms and entered into a database for analysis by microcomputer. Parametric data are expressed as mean Ϯ SEM. Nonparametric data are expressed as median (range). Comparisons between groups were made using the unpaired t test or Mann-Whitney U test when appropriate. One-way analysis of variance was used for multiple comparisons. Categorical data were analyzed with the Fisher Exact test. Significance was de- clared at p Ͻ 0.05, and relative risks with 95% confidence intervals were shown.
RESULTS
During the period from 1992 to 1995, 2456 patients were admitted to our neonatal intensive care unit. Of these, 998 patients had birth weights less than 1500 gm and received ventilatory support for respiratory distress syndrome. Infants with birth weights less than 1500 gm were examined with cranial ultrasonography. Germinal matrix hemorrhage and grade II IVH were diagnosed in 128 (12.8%) and grade III IVH was found in 53 (5.3%). Cerebral white matter lesions were diagnosed in 111 patients (11.1%). The percentage of all intracranial lesions was 29%. Thirty infants with cerebral white matter lesions expired before discharge from the neonatal intensive care unit. Two patients expired shortly after discharge before follow-up assessment. The white matter echodensities in three patients were diagnosed as calcifications based on the ultrasound appearance; two of these infants had antibodies to cytomegalovirus. Seventy-six patients with cerebral white matter lesions survived to discharge and constituted the study group for neurodevelopmental follow-up. Twenty-three patients (30%) developed PHVI, whereas 36 patients (47%) had ultrasonographic features consistent with PVL. Eight patients (11%) had ultrasound features of both PVL and PHVI (mixed lesions), and nine patients (12%) had persistent periventricular echodensities without the development of cysts.
Fourteen of the 23 infants with PHVI required the placement of a ventriculoperitoneal shunt for the treatment of posthemorrhagic hydrocephalus. Five infants had localized PHVI and one required the placement of a ventriculoperitoneal shunt. Eighteen infants had extensive lesions and 13 (72%) required a shunt.
Of the 36 infants with ultrasound features of PVL, 19 (53%) were mild, 8 (22%) were moderate, and 9 (25%) were severe. By definition, this group of patients had minimal or no parenchymal hemorrhage. However, IVH was noted in 12 infants with PVL, 2 patients had associated grade I IVH, 6 had grade II, and 4 had grade III. One patient in the moderate PVL group and one in the severe PVL group required a ventriculoperitoneal shunt. Interestingly, the initial cranial ultrasound was normal in 3 patients later developing PVL and was only subtly abnormal in another 14 patients.
Mixed lesions, with ultrasonographic features of PVL and PHVI, were diagnosed in eight infants. The initial ultrasonogram in this group of patients typically revealed a large unilateral or grossly asymmetric echodensity followed on subsequent examinations by the appearance of smaller periventricular densities evolving into small cysts not communicating with the lateral ventricles. The usual bilateral appearance of cystic PVL was noted in four of eight patients, but in the remaining four infants the small cysts were seen only ipsilateral to the PHVI (Figure 2, A-D) . Although no contralateral periventricular cysts were noted in this latter group, all four infants had increased contralateral echogenicity. Two patients in the mixed lesion group required the placement of a ventriculoperitoneal shunt.
Persistent periventricular echodensity was diagnosed in nine patients, and there was a close association with severe IVH and ventriculomegaly. Eight of the nine infants had bilateral grade III IVH, and one had a bilateral grade II IVH. Five of the nine patients required the placement of a ventriculoperitoneal shunt. The intraventricular blood resolved; however, the white matter echodensity persisted. Patients with transient white matter changes were not included in this study.
NEURODEVELOPMENTAL OUTCOME
Neurodevelopmental outcome data at 2 years of age was available on 57 patients (75%), 26 of 36 with PVL (72%), 18 of 23 with PHVI (78%), 7 mixed lesions, and 6 with persistent periventricular echodensity. There was no significant difference with respect to severity of lesions between infants who had neurodevelopmental follow-up and those that did not (Table 1) . Various types of motor deficits, including hemiplegia, spastic diplegia, mixed hemiplegia/spastic diplegia, and quadriplegia were identified on neurologic examination in almost all the infants studied. The distribution of these deficits is shown in Table  2 . Localized PHVI was associated with hemiplegia, whereas more severe motor deficits were noted with extensive PHVI. Spastic diplegia and quadriplegia were associated with PVL. The results of the developmental testing with the mean DQ for each of the diagnostic groups are shown in Table 3 . Retinopathy was diagnosed in infants within all diagnostic categories and was commonly associated with visual disturbances (Table 4) . Complete blindness was noted in two patients in the PVL group. Blindness was associated with grade IV ROP requiring cryotherapy in one patient. However, in the remaining patient with complete blindness, the ophthalmologic examination revealed mild grade II ROP. No infant had a hearing deficit detected by automated auditory brainstem response. Although no significant differences were noted in the mean DQ between overall PHVI and PVL, differences were noted between localized and extensive PHVI, and between mild/moderate PVL and severe PVL.
DISCUSSION
This study indicates that the majority of cerebral white matter lesions of high-risk premature infants can be categorized into one of two groups, PVL or PHVI, based on previously reported ultrasonographic criteria. In our study population, PVL was the most common, followed by PHVI (47% and 30%, respectively). Eight (11%) study infants exhibited features of both PVL and PHVI. The relationship between coexisting PHVI and PVL is not well defined. The association of PHVI with the subsequent ipsilateral appearance of multiple small cysts, consistent with PVL in some patients, suggests that the venous infarction in some way might set the stage for the development of PVL. Risk factors for the development of PVL include developmental vascular anatomic factors, a pressure passive circulation, intrinsic vulnerability of developing white matter, and the effects of various maternal cytokines. 1 Hemorrhage into preexisting areas of PVL has also been described. 8 Our findings suggest that factors associated with PHVI, such as localized periventricular edema and/or ischemia, can produce the conditions necessary for the development of PVL. However, pathologic studies would be necessary to confirm a diagnosis of ipsilateral PVL separate from the lesion of PHVI.
Seventeen of 36 infants with ultrasonographic features of PVL had subtle or no abnormalities on their initial ultrasonogram. Some infants in this group developed moderate and severe lesions gradually over a period of several weeks. This type of gradual tissue injury and delayed cell death, without evidence of edema or necrosis, may represent apoptosis. 30 Apoptosis is important in normal brain development 31 and can be induced by hypoxia-ischemia 32,33 and cytokines. 34 -36 The ultrasonographic criteria used in this study clearly identify infants at very high risk for the development of neurodevelopmental deficits. As suspected from its asymmetric nature, PHVI was more often associated with hemiplegia, whereas PVL was more commonly associated with spastic diplegia and quadriplegia. The majority of infants with mild PVL developed spastic diplegia, whereas quadriplegia was noted with severe PVL.
Visual abnormalities were seen in both PHVI and PVL groups, and blindness was noted in two patients with PVL, an association previously reported. 37 Blindness in one patient was associated with severe ROP treated with cryotherapy; however, the second patient had mild ROP suggesting that damage to the optic radiations associated with PVL may have contributed to the severe visual disturbance. An unexpected finding was the lack of auditory deficits. The automated brainstem response used in this study is considered the standard for the assessment of infants. 38 However, subtle auditory abnormalities might have been missed. The periventricular site of involvement of the lesions discussed in this study may be more likely to affect the pathways of the optic radiations rather than the temporal lobe areas involved in audition.
Abnormal developmental quotients were common with all types of white matter injury. There was no difference in mean DQ between infants with PHVI and PVL, however, there were significant differences in mean DQ between localized PHVI and extensive PHVI and between mild/moderate PVL and extensive PVL. There was no difference in mean DQ between mild and moderate PVL. The normal mean DQ in the group of patients with localized PHVI supports the findings of previous studies. 2, 39, 40 The neurodevelopmental abnormalities in infants with persistent white matter echogenicity indicate there was significant white matter injury even though cysts were not evident. 41 Possibly, a better grading system for nonhemorrhagic bilateral white matter injury would include persistent white matter change without cysts as mild PVL. 20, 42, 43 Although this study indicates that ultrasonography can differentiate the major types of neonatal brain injury, its value as a prognostic tool is limited to the extremes of each lesion. Ultrasonography will probably not play a role in identifying future patients that might benefit from neuroprotective therapies, but its greatest potential value is in differentiating specific types of injury and planning habilitation. This capacity for consistent differentiation will be necessary for developing a better understanding of risk factors and pathogenesis, which may be very different for the various types of brain lesions. Therefore, physicians caring for high-risk newborns need to think not only in terms of the presence of white matter lesions, but the type of lesion as well.
